We present new photometric observations in the BVRI bands of the doublelined eclipsing binary BD+05
Introduction
The class of interacting binaries known as the "classical Algols" are semi-detached systems that contain a late-type giant or subgiant that fills its Roche lobe and is transferring mass onto a much more luminous and more massive B-A main sequence star. A new class of binaries has been found with properties that are similar to those of the classical Algols, except that the mass gaining component is a late-type giant or subgiant like its companion. These systems were first recognized by Popper (1992) and are now referred to as the "cool Algols." They typically display signs of magnetic activity in the form of Ca II H+K emission, Hα emission, star spots, and strong X-ray emission. Only about a dozen cool Algols are known, and many of them were mistakenly assigned to the larger group of RS CVn binaries which contain a luminous K-type primary with a fainter F-G type companion. The main difference between the cool Algols and the RS CVn systems is that the former are undergoing Roche lobe overflow, while the latter are detached (see, e.g., Popper 1980; Hall 1989 ).
BD+05
• 706 (RXJ0441.9+0537, PPM 147827, α = 4 h 41 m 57. s 64, δ = +5
• 36 ′ 34. ′′ 3, J2000, V = 9.4) is one of the recent additions to this rare category of cool Algols, and was discovered in the course of spectroscopic follow-up observations of a sample of X-ray sources selected from the ROSAT All-Sky Survey south of the Taurus-Auriga star-forming region (Neuhäuser et al. 1997) . Although that X-ray sample was originally designed to favor the detection of T Tauri stars, which are also quite active, BD+05
• 706 was quickly found to be of an entirely different nature. Torres et al. (1998) (hereafter Paper I) reported a double-lined spectroscopic orbital solution with a period of 18.9 days, a very small and possibly spurious eccentricity, and a mass ratio of q = 0.21 (M secondary /M primary ), typical of the Algol systems.
The system contains two cool giants. The G8 III "primary" (the more massive star) is detached, while the K1-K2 III "secondary" has filled its critical lobe or may overflow it (Paper I). The star we have called the "secondary" is currently the larger, less massive, and cooler component, as in the classical Algols. Spectroscopic convention is used throughout this paper instead of the notation used in papers on stellar evolution, which refer to the initially more massive star as the primary. The general properties of the system were described in Paper I. Although photometry for BD+05
• 706 was not available at the time of that study, eclipses were estimated to be very likely. Subsequent photometric monitoring in the optical confirmed this prediction (Marschall et al. 1998 ).
The general characteristics of the cool Algols are fairly well defined (see Popper 1992 , and Paper I), but accurate information on individual systems is still far from complete. Only five of the members, aside from BD+05
• 706, have spectroscopic orbits for both components (RZ Cnc, AR Mon, RT Lac, AD Cap, and RV Lib; Popper 1976 Popper , 1991 , and light curve analyses for the first three of these have yielded the absolute masses and radii necessary in order to understand their properties. The remaining five objects identified as possible members of this class (UZ Cnc, V1061 Cyg, AV Del, GU Her, and V756 Sco; Popper 1996) have very little in the way of observations and in some cases even the orbital periods are poorly known.
The high-quality spectroscopic orbit presented for BD+05
• 706 in Paper I, combined with the fact that the system is eclipsing, offers the opportunity to determine the absolute dimensions of the components very accurately. To that end, photometric observations in the BVRI system were continued after the initial report by Marschall et al. (1998) . We present here a full analysis of those data, and also a re-analysis of the spectroscopic material in Paper I with improved techniques and the benefit of the additional information provided by the light-curves. The latter offer a means for evaluating subtle distortions in the Doppler measurements due to the close proximity of the stars. As a result, we are able to determine here the absolute masses of both components with uncertainties smaller than 2%, and the radii with errors smaller than 3%, which are now the best determinations for any system of the cool Algol class.
The global X-ray properties and the activity level of BD+05
• 706 (Ca II H and K emission, variable Hα line strength) were studied in some detail in Paper I, where it was established that the hotter primary star is most likely the site of the bulk of the activity in the binary. Additional X-ray observations for the system were secured by us with the ROSAT satellite essentially over a complete 18.9-day cycle (yielding an X-ray light curve), and clearly show the primary eclipse but not the secondary eclipse. An analysis of these data is presented here as well, allowing us to obtain information about the geometry of the X-ray emitting region surrounding the active star.
Observational material
The photometric observations of BD+05
• 706 in the optical were conducted at the Gettysburg College Observatory (Gettysburg, PA) with a 16-inch f/11 Ealing Cassegrain re-flector. The detector was a Photometrics thermoelectrically-cooled CCD camera with a front-illuminated Thompson 7896 chip with 1024 × 1024 pixels. BD+05
• 706 was observed on 94 nights during the 1997-1999 observing seasons. A total of 80, 93, 133 and 137 observations were made in the Johnson B, V , R, and I filters, respectively. The comparison and check stars used are TYC 95-1495-1 (GSC 00095-1495) and HD 29764 (GSC 00091-00262, BD+05
• 704, SAO 111980), respectively. Basic properties for these stars are listed in Table 1 . Coverage of the primary eclipse in the B and V filters was very poor during the first two seasons (before JD 2,451,000), and therefore those data were not used in the analysis below.
The precision of an individual differential photometric measurement is estimated to be 0.010 mag, 0.010 mag, 0.009 mag, and 0.010 mag in the B, V , R, and I passbands, respectively, derived from the comparison and check stars under the assumption that they do not vary. The observations in the sense variable minus comparison are listed in Table 2,  Table 3, Table 4 , and Table 5 . The depth of the eclipses in the V band is approximately 0.52 mag for the primary minimum and 0.34 mag for the secondary. Changes in the overall brightness at the quadratures are fairly obvious from season to season. They are not unexpected given the activity level displayed by the system, and will be discussed in more detail in §3.
The spectroscopic material used here is the same as that reported in Paper I. Briefly, it consists of 41 single-order echelle spectra obtained from 1994 March to 1996 March with the 1.5-m Wyeth reflector at the Oak Ridge Observatory (Harvard, Massachusetts), the 1.5-m Tillinghast reflector at the Fred L. Whipple Observatory (Mount Hopkins, Arizona), and the Multiple Mirror Telescope (also atop Mount Hopkins, Arizona) prior to its conversion to a monolithic 6.5-m mirror. The spectra cover 45Å with a central wavelength of 5187Å, and the resolving power is λ/∆λ ∼ 35,000. The reductions to obtain radial velocities for both components are slightly different from those used in Paper I, and are described later.
X-ray observations of BD+05
• 706 were obtained with the High Resolution Imager instrument (HRI; David et al. 1996 ) aboard the ROSAT satellite over a period of 18 days covering essentially a full orbital cycle of the binary, from 1997 August 18 to September 5. The measurements were made at intervals of one day, with the exception of a 3-day gap due to scheduling constraints. The exposure times were typically about 3.5 ksec each, achieving signal-to-noise (S/N) ratios ranging from 6 to 15 per broad-band observation (0.1 to 2.4 keV), with a mean S/N of 10. The observations were reduced with the Extended Scientific Analysis Software (EXSAS, Zimmermann et al. 1994 ) version 2001 running under ESO-MIDAS version 01FEB. In addition to considering the full energy range of ROSAT, we subsequently divided the recorded counts into a soft band including detector channels 0 through 3 (0.1 to 0.5 keV) and a hard band including channels 4 through 15 (0.6 to 2.4 keV) in order to obtain additional information from the analysis of these data. We performed standard local and map source detection in all three spectral bands. The S/N ratios range from 4 to 10 in the soft band and from 4 to 11 in the hard band. This allows us to define a "hardness ratio" HR = (H − S)/(H + S), where H and S are the hard and soft count rates, respectively (see Huélamo et al. 2000) .
The individual X-ray observations are listed in Table 6 . The columns give the heliocentric Julian date and the exposure times, followed by the count rates, the corresponding errors, and the Maximum Likelihood (ML) estimator for the soft, hard, and broad bands (Cruddace, Hasinger & Schmitt 1988) . The quantity ML provides a measure of the existence of the source above the local background. For example, a Maximum Likelihood of 7.4 (14.3) corresponds to a 3.5σ (5σ) detection. The last three columns give the hardness ratio and its corresponding uncertainty, as well as the phase in the orbit of the binary 6 . Figure 1 shows the time history of the optical photometry, the spectroscopy, and the X-ray observations. Because of the variability of the object, the time coverage of the optical light curves and the radial velocities is relevant for the modeling of the system, as we describe in §4. In the analyses below all data were phased with the ephemeris Min I = HJD 2,449,924.582 (±0.012) + 18.8988 (±0.0011) × E ,
where the epoch refers to the time of primary eclipse (more massive star occulted by the other star), and E is the number of cycles counted from this epoch. This ephemeris was determined from the radial velocity observations described in §4, and supersedes the one given in Paper I.
Analysis of the optical photometry
Examination of the raw light curves for BD+05
• 706 revealed significant changes over the three observing seasons that precluded their merging into a single data set for analysis. The extent of the changes is such that, for example, during the 1997-1998 season the light level in the V band at the first quadrature was lower than at the second quadrature, whereas by the following season the situation had reversed. Variations of this nature are common in active systems, and are well explained by the presence of surface features (spots) on 6 Since the soft-, hard-, and broad-band counts are computed separately by the Maximum Likelihood detection algorithm, the soft and hard counts in Table 6 do not exactly add up to the broad-band counts, although the difference is minimal. The mean local background is estimated separately in each band and then subtracted from the corresponding total counts, which contributes to the slight discrepancy. one or both stars. In order to minimize the scatter, a compromise between the number of observations, the completeness of the phase coverage (particularly at the minima), and the intrinsic variations was made by dividing the observations into two data sets at Julian Date 2,451,000 (see Figure 1 ). As mentioned above, the measurements in the B and V filters in data set #1 do not cover the primary eclipse, and they were therefore not used for the final fits. Light curve analyses were carried out separately for each bandpass in each data set (RI for data set #1, and BVRI for data set #2), and also for the combined data.
The light curve solutions were performed with the Wilson-Devinney code (Wilson & Devinney 1971; Wilson 1979 Wilson , 1990 ) in a mode appropriate for semi-detached systems, in accordance with the information available for the stars from Paper I. Specifically, we used "Mode 5" for a secondary that is filling its limiting lobe. Detached and overcontact configurations were tried as well, but the solutions were never as satisfactory as those in the semi-detached mode. They always converged towards the secondary star filling its Roche lobe and the primary well within its critical surface, in agreement with the assessment in Paper I. Solutions were found for the modified gravitational potential of the primary (Ω 1 , in the Wilson-Devinney usage), the inclination angle (i), the relative monochromatic luminosity of the primary (L 1 ), the mean temperature of the secondary (T 2 ), and a phase offset (∆φ). The temperature of the primary was held fixed at the spectroscopic value of T 1 = 5000 K, as was the mass ratio q ≡ M 2 /M 1 = 0.2055 (see §4). We have assumed the orbit to be circular, consistent with the results of the new spectroscopic analysis below. The monochromatic luminosity of the secondary (L 2 ) was computed by the program directly from the temperatures of the primary and secondary, the luminosity of the primary, the radiation laws, and the geometry of the system. Limb-darkening coefficients were interpolated from the tables by van Hamme (1993) for the appropriate temperatures and for surface gravities of log g 1 = 3.0 and log g 2 = 2.0 (see §4). A value of 0.5 was adopted for the bolometric albedo of both components, appropriate for stars with convective envelopes. Gravity brightening coefficients were interpolated from the models by Claret (2000) .
Aside from the usual light elements, the distortions mentioned above in the light curves suggested the presence of one or more spots requiring additional free parameters. The Wilson-Devinney code is capable of accounting for spots (assumed to be circular in shape) based on a simple representation with four additional parameters: the longitude (l, in degrees) measured counter-clockwise (as seen from above) from the line joining the centers of the stars, the latitude (b, in degrees), the angular radius (r, in degrees), and a temperature factor (TF = T spot /T star ) representing the contrast in temperature between the spot and the surrounding photosphere.
Numerical experiments showed that in our case the fits cannot usually distinguish the component on which the spots are located, since similarly good solutions resulted with the spots on either star. In the RS CVn systems the spots are typically located on the cooler star, which is usually the more active component. There are a number of cases, however, in which the spots have instead been shown to be on the hotter star (e.g., Hill, Fischer & Holmgren 1990; Vivekananda Rao, Sarma & Prakash Rao 1991; Kjurkchieva, Marchev & Ogloza 2000; Albayrak et al. 2001) . In BD+05
• 706 there are strong indications that the activity is in fact associated with the hotter star (the primary), as evidenced by the Hα emission (see Paper I) and also the X-ray properties discussed later in §6. It is therefore not unreasonable to assume in the following that the spottedness in this system is primarily associated with the hotter star. More complicated models with spots on both stars are possible, but are probably not justified given the data available.
The maximum brightness outside of eclipse is much the same for data sets #1 and #2, although it occurs at phase 0.75 in the first set and at phase 0.25 in the second. The lower brightness levels at the other quadrature in each data set are not quite as similar to each other and show more scatter in the photometric observations. This suggests that the lower light levels may be due to one or more cool spots (which tend to change with time in other similarly active stars), as opposed to hot spots being the cause of the higher brightness at the other quadratures. Spots that are cooler than the photosphere have typically been found also in virtually all RS CVn systems (although warm features have been reported in a few cases; see, e.g., Strassmeier & Rice 2003) . Thus we will assume here that the spots are cool. The situation for BD+05
• 706 obviously calls for the cool spots to be located at roughly opposite longitudes in the two epochs, and we found that a single spot at each epoch gave an adequate representation of the light curves, within the observational errors.
Further tests showed that, due to the strong correlation between the size and temperature of the spots, it was not possible to determine both simultaneously from the observations at our disposal. Grids of preliminary solutions at fixed values of TF from 0.5 to 1.0 indicated a slight preference for a spot in data set #1 with TF = 0.84 (800 K cooler than the photosphere), and a similar spot in data set #2 with TF = 0.87 (650 K cooler than the photosphere). These values are within the typical range seen in other RS CVn binaries (O'Neal, Saar & Neff 1996; Schrijver 2002) . Therefore, in the following we have held TF fixed at these values, and the spot radius was left free.
We also found that the sensitivity of the solutions to the latitude of the spot is very weak. Experiments with fixed values of b from 0
• to 90
• indicated only a very slight preference for mid-latitude features, with fits at higher or lower latitudes being almost indistinguishable. Although spots on the Sun are usually found at low latitudes, Doppler imaging studies have shown that RS CVn systems tend to display high-latitude features and even spots that straddle the pole (e.g., Hatzes 1995; Vogt et al. 1999) . While BD+05
• 706 is similar to the RS CVn binaries in many respects, the latter systems typically rotate much more rapidly (see, e.g., Strassmeier 2002) . Theoretical studies suggest that rapid rotation in convective stars leads to the emergence of spots at higher latitudes (Schüssler & Solanki 1992; Schüssler et al. 1996; Granzer et al. 2000) , and there is some observational support for this trend (see Hatzes 1998) . Therefore, for this study we have adopted a fixed latitude of 45
• , in agreement with the above and also with the theoretical work by Granzer (2002) that focuses specifically on evolved stars similar to those in BD+05
• 706.
Initially light curve solutions were obtained separately for each bandpass in each data set (RI for data set #1, and BVRI for data set #2), to evaluate the consistency between them. The results were found to be reasonably similar, except that the second data set showed a larger scatter in the temperature of the secondary (T 2 ) and in the potential of the primary (Ω 1 ). Solutions were also obtained from the combined RI and BVRI observations from data sets #1 and #2, respectively, which were also quite similar to each other. Since the main geometric properties (Ω 1 and i) are not expected to change from season to season, the results for these two parameters from the two data sets were averaged (with weights proportional to the internal errors), and fixed in subsequent analyses. We then repeated the fits and computed the average secondary temperature (T 2 = 4638 K) from the simultaneous multi-band analyses. Finally, we fixed T 2 to this value, and we solved for the remaining parameters including the size (r) and longitude (l) of the spots, which clearly do change with time. The results are given in Table 7 and Table 8 for data set #1 and #2, respectively. We show the separate fits for each filter before fixing any of the parameters, and also the simultaneous multi-band analyses in the last column calculated with Ω 1 , i, and T 2 set to their average values. Also listed are the fractional radii (r point , r pole , r side , r back , in terms of the separation) as well as the relative radius of a spherical star with the same volume as the distorted stars (r vol ), for the primary and secondary. The uncertainties given in these tables are standard errors as reported by the Wilson-Devinney code. Experiments were also carried out to explore the significance of third light (L 3 ), but in all cases the results were consistent with L 3 = 0.
Both eclipses in BD+05
• 706 are partial, with approximately 65% of the light of the primary being blocked at phase 0.0. The latter star is nearly spherical in shape since the difference between its polar radius and the radius directed towards the inner Lagrangian point is less than 0.5%. Parameters r point , r pole , r side , and r back in Table 7 and Table 8 confirm that the secondary is distorted because it fills its Roche lobe.
A graphical representation of the observations and light curve solutions is given in Figure 2 and Figure 3 for data sets #1 and #2. The O − C residuals are shown at the bottom for each passband. The B and V light curves in data set #1 lack coverage at the primary minimum, and do not allow one to determine any of the parameters reliably. Although we show them here for completeness, these observations were not used in any of the fits described above. For these B and V solutions all geometric and radiative parameters as well as the spot parameters were adopted from the combined RI solution, and only the primary luminosity was allowed to vary. The fits are consequently poorer.
The spots that were found to provide a good fit to the observations in both data sets are represented in Figure 4 , with the size and separation of the stars shown to scale. The difference in longitude between one epoch and the other (separated by approximately 1.4 years) is about 140
• . The surface area covered by the spots is in line with what is seen in other active systems, and reaches ∼20% of one hemisphere of the primary star in data set #1, and ∼17% in data set #2.
Spectroscopic analysis
The procedures used here for the reduction of the spectroscopic material are similar to those described in Paper I in that we derived radial velocities for the two components using TODCOR (Zucker & Mazeh 1994), a two-dimensional cross-correlation technique well suited to our relatively low S/N spectra. However, a number of improvements were introduced that justified a re-analysis of the original data. First, we now have at our disposal a new library of synthetic spectra based on more recent model atmospheres by R. L. Kurucz 7 , which provide a somewhat better match to the spectra of real stars. The use of these new templates has a small effect on the temperature and rotational velocity (v sin i) derived for the components of BD+05
• 706, and can potentially affect the radial velocities as well.
We re-determined the v sin i values by running extensive grids of correlations as described in Paper I. The results were v 1 sin i = 23 km s −1 and v 2 sin i = 31 km s −1 , with estimated errors of 1 km s −1 and 2 km s −1 , respectively. The primary value is 1 km s −1 larger than in Paper I, and the secondary value is unchanged. The new effective temperatures, derived from similar grids, were T 1 = 5000 K and T 2 = 4600 K, with uncertainties of 100 K. These differ by less than 100 K from the determinations in Paper I. The new primary value was adopted for the light curve solutions described above.
A second improvement has to do with residual systematic errors in the raw velocities, mostly due to the relatively narrow spectral window of these observations. Experience with similar spectroscopic material for other binary systems has shown that these errors can be quite significant in some cases (Torres et al. 1997 (Torres et al. , 1999 Lacy et al. 2000) . We have investigated these errors for the present system by means of numerical simulations that were discussed in detail by Latham et al. (1996) . Briefly, we generated a set of artificial binary spectra by combining the primary and secondary templates in the appropriate ratio and applying velocity shifts for both components as computed from a preliminary orbital solution at the actual times of observation of each of our spectra. These artificial spectra were then processed with TODCOR in exactly the same way as the real observations, and the resulting velocities were compared with the input (synthetic) values. The differences TODCOR minus synthetic are typically under 0.5 km s −1 , but they are systematic in nature. Even though the effect on the masses is relatively small in this particular case, we have nevertheless applied these differences as corrections to the measured velocities of BD+05
• 706. The corrected velocities are listed in Table 9 (columns 2 and 3). The differences with the values reported in Paper I are generally below 1 km s −1 .
As a result of the proximity and distorted shapes of the stars (see, e.g., Figure 4 ), the radial velocities measured for the components of BD+05
• 706 are biased to some extent because of the loss of symmetry in the intensity distribution across the disks of the stars. In addition, the observations collected during the eclipses suffer from the well-known Rossiter effect (Rossiter 1924; McLaughlin 1924) , which depends on the rotation rate. The combined magnitude of these two effects on the measured velocities, computed with the aid of the Wilson-Devinney program, is illustrated in Figure 5 . The change in the primary velocities is essentially confined to the eclipses (and is mostly due to the Rossiter effect since that star is not far from the spherical shape), but the secondary velocities show changes throughout the entire orbital cycle because of the highly distorted shape of the Roche-lobe filling star. The corrections for the case of BD+05
• 706 can reach values as large as 4 km s −1 , and are listed in columns 4 and 5 of Table 9 . The final values for the radial velocities used below, after applying these adjustments, are given in columns 6 and 7.
While the corrections described in the preceding paragraph (which depend only on the geometry of the system) do not change with time, the surface features modeled in the light curves, which can also affect the measured velocities, do change significantly as seen in §3. Spots have an effect on the measured velocities because they too contribute to break the symmetry of the intensity distribution on the stellar disks. In this case the effect will be on the primary velocities because the spots are assumed to be on that star. The phase dependence of the effect is seen in Figure 6 separately for data sets #1 and #2, and was derived once again using the Wilson-Devinney code. Specifically, the effect is calculated as the difference between the velocities from purely Keplerian motion and those computed by integration over the visible disk of the star, with its non-uniform brightness distribution due to the spots.
It is unclear whether the velocities we have measured by cross-correlation are affected by the full amplitude of the correction computed by this program, but presumably they will be biased to some extent in the direction indicated. Unfortunately, as seen in Figure 1 our spectroscopic observations were not simultaneous with either of the photometric data sets, so that corrections for this effect cannot be applied. The magnitude of the distortion in the velocities can reach values as large as 1 km s −1 (Figure 6 ). Nevertheless, as a test we applied these corrections to our velocities separately for both data sets and recomputed the spectroscopic orbit to explore the impact on the elements. For data set #1 the changes in all derived quantities including the minimum masses are of the order of 1σ or smaller. For data set #2 they are less than 0.5σ.
Our final spectroscopic orbital solution was obtained using the measured velocities corrected for proximity effects and for the Rossiter distortions only. The minimum masses and the mass ratio we determine are only slightly different from those reported in Paper I, but we now find that the eccentricity is indistinguishable from zero. The original solution in Paper I gave a value of e = 0.0141 ± 0.0026, more than 5σ different from zero. This presented something of a puzzle given that tidal forces for stars with deep convective envelopes such as those in BD+05
• 706 are expected to circularize the orbit very quickly for the relatively short period in this system, considering that both components are giants. The distortion corrections applied here appear to have solved this dilemma, and a circular orbit is adopted hereafter.
The revised elements of the spectroscopic orbit are given in Table 10 . The ephemeris for the primary eclipse that we derive from this orbit is that given in eq.(1), and was adopted for the light-curve solutions. The light ratio at the wavelength of our observations (5187Å), computed as described by Zucker & Mazeh (1994) , is L 2 /L 1 = 1.06±0.03. A slight correction of +0.06 is required to convert this to the visual band (see Paper I). The residuals of the individual observations from the orbital fit are listed in columns 8 and 9 of Table 9 .
Absolute dimensions
The light elements in the last column of Table 7 and Table 8 combined with the spectroscopic elements in Table 10 lead to the absolute masses and radii of the components, along with other derived properties. As mentioned earlier, the uncertainties listed for the light elements are strictly internal errors reported by the Wilson-Devinney code. More realistic errors for the inclination angle, the primary and secondary potentials, and for the secondary temperature were adopted based in part on the agreement between the solutions in the different passbands and on the sensitivity of the fits to the various parameters: i = 79.
• 47±0.
• 15, Ω 1 = 6.03 ± 0.15, Ω 2 = 2.246 ± 0.011, and T 2 = 4640 ± 150 K. The physical properties of the stars are summarized in Table 11 .
The absolute masses are determined with errors of 1.0% and 1.7% for the primary and secondary, respectively, while the radii are good to 2.6% and 1.9%. Since the difference in the depths of the minima is a very sensitive indicator of the temperature difference between the components, the later quantity is typically best determined from the light curves. In this case the result (∆T eff = 360 K) is excellent agreement with our spectroscopic determination of ∆T eff = 400 K inferred in §4, based on grids of cross-correlations with synthetic spectra. The ratio of the luminosities in the visual band from the light curve solutions is (L 2 /L 1 ) V = 1.44 ± 0.05, whereas the estimate derived from the bolometric luminosities and bolometric corrections (Table 11) is (L 2 /L 1 ) V = 1.29 ± 0.26. The first of these values is larger than the spectroscopic estimate [(L 2 /L 1 ) V = 1.12 ± 0.03], a discrepancy possibly related to the presence of spots.
The measured projected rotational velocity of the secondary component, v 2 sin i, is consistent with the predicted value for synchronous rotation within the errors, as expected from the fact that the star is filling its critical surface. On the other hand, the rotation of the primary is formally some 15% faster than the predicted value, a 2.8σ difference that may perhaps be significant. The primaries of many other Algol systems have also been found to rotate supersynchronously, and in some cases even close to the centrifugal limit (see, e.g., van Hamme & Wilson 1990 ). This spin-up is usually explained by angular momentum transfer through accretion (Huang 1966 ).
The inferred distance to BD+05
• 706 of 595 ± 51 pc relies on the apparent brightness of the system (V = 9.45 ± 0.03), the interstellar extinction adopted in Paper I (A V = 0.35 ± 0.15), and bolometric corrections from Flower (1996) .
X-ray light curve
The count rates over the full spectral range (0.1-2.4 keV) of the X-ray observations of BD+05
• 706 carried out with the ROSAT satellite are shown as a function of orbital phase in Figure 7a . Two features of this broad-band light curve are immediately obvious: (a) While the primary eclipse is clearly present, there is no sign of a secondary eclipse near phase 0.5; (b) One measurement immediately preceding phase 0.5 and another one following it are about a factor of two higher than the average level of the neighboring points.
The first of these features supports the notion that the primary is the X-ray active star in the system, and that the secondary contributes little, if anything, to the total X-ray luminosity of the binary. This observation is consistent with the activity evidence presented in Paper I, where the primary was shown to be the dominant source of the Hα emission. As reported there, several red spectra of the binary outside of eclipse displayed relatively weak Hα absorption (residual intensity ≈ 0.8), whereas one spectrum obtained during primary eclipse displayed a much deeper Hα line (residual intensity ≈ 0.2). This change was interpreted as an indication that the emission from the active primary fills in the normal absorption line of the secondary at most phases in the orbit making it appear weak, except near phase 0.0, where the primary is blocked and the secondary dominates the spectrum.
The second feature -unusually large X-ray flux of the two observations near phase 0.5-could possibly be due to two separate flaring events, which would not be uncommon in this type of system. We discuss this further below.
A comparison with the light curves in the optical reveals two other notable characteristics of the X-ray light curve: (c) The duration of the primary eclipse in X-rays is much longer than in the optical; (d) The primary minimum is considerably deeper in X-rays than it is in the optical. To illustrate these two features we have superimposed on Figure 7a the light curve in the R band from data set #1, which is contemporaneous with the ROSAT observations. The optical light curve is normalized to agree with the average level of the X-ray curve outside of eclipse. We note that at the epoch of these observations the configuration of the system inferred in §3 includes a cool spot on the primary that is on the far side of the star at phase 0.75 and therefore does not affect the R-band light curve at the second quadrature. The solid line in Figure 7a represents the modeled R-band light curve without the effect of the spot, and the dotted line includes the distortion due to the spot, which makes the system fainter at the first quadrature.
It can be seen from the figure that the total duration of the primary eclipse in the optical is approximately 0.11 in phase (∼2.1 d), while the duration in X-rays is roughly 2.9 times longer (∼0.32 in phase, or ∼6.0 d). This implies that the size of the X-ray emitting region around the primary must be larger than the star itself by approximately the same factor. Since the radius of the star in terms of the separation is R 1 /a = 0.1720 (parameter r vol in Table 7 ), it follows that the radius of the associated X-ray region is R X /a ≈ 0.50. We note also that the mass ratio of the binary leads independently to a mean radius for the critical surface of the primary of R Roche 1 /a = 0.53. Thus, the size of the X-ray emitting region around the primary happens to be very close to that of its Roche lobe -possibly not a coincidence-and one may speculate that the X-ray emitting plasma is perhaps contained within the critical surface. Since there is no evidence from the X-ray light curve of any significant emission from the secondary, one might also speculate that the coronal region around that component represents a relatively thin layer that does not extend significantly above the photosphere of the star, which already fills its Roche lobe. As a result, BD+05
• 706 would appear to exhibit the curious property of being essentially an overcontact system in X-rays, and a semidetached system in the optical 8 .
At optical wavelengths (R band) the brightness of BD+05
• 706 during the primary minimum drops to about 62% of the level outside of eclipse (phase 0.75). In X-rays the eclipse is much deeper, reaching down to ∼30% of maximum. Since blocking by the same star (the secondary) produces significantly different depths in the optical and in X-rays, and given that the apparent size of the primary in X-rays is much larger, one possible explanation for the deeper minimum than in the optical may be that the X-ray brightness distribution on the primary is considerably more concentrated towards the center of the disk (or toward the inner Lagrangian point, which is projected not far from the center) than in the optical. In order to simulate this situation with light-curve solution programs such as Wilson-Devinney, not originally intended for this type of problem, the relative sizes of the stars must be changed compared to the geometry inferred from the optical light curves, effectively by altering the mass ratio. Furthermore, variations in the predicted light curve near phase 0.5 due to the changing aspect ratio of the primary (if it is assumed to fill its critical surface in X-rays) must be ignored as they probably do not apply at X-ray wavelengths. We find a reasonably good agreement between such a "model" and the observed light curve when the effective size of the X-ray emitting region of the primary is reduced to approximately the same size as the photosphere of the lobe-filling secondary (see Figure 7b ). Of course, any parameters derived in this way are physically meaningless and are only intended to achieve a qualitatively good fit. The reference provided by this very crude model does seem to suggest, nevertheless, that the X-ray flux preceding the primary eclipse (beginning at phase 0.75, and perhaps including the descending branch) is somewhat lower than the flux after the minimum at symmetrical phases.
As mentioned above, the two high X-ray points near phase 0.5 might be due to two separate flare events (since an observation intermediate between these two shows a normal flux level). X-ray flares are common in RS CVn systems (see, e.g., Siarkowski et al. 1996; García-Alvarez et al. 2003) . On the other hand, the semidetached configuration in the optical is an indication that mass transfer by Roche-lobe overflow may be occurring. Due to the relatively large size of the primary, a stream of material from the secondary to the primary would actually impact the primary star directly rather than sweep past it and form a disk (Lubow & Shu 1975 , see also Figure 11 in Paper I). Given the orbital phases at which the discrepant X-ray points in Figure 7a occur (0.423 and 0.539), just before and just after central blocking of the secondary by the primary, it is possible that the sudden increase in X-ray flux is related to the viewing angle of the stream associated with mass transfer, which would be roughly aligned with the line of sight at these phases. Detailed hydrodynamical modeling is required to investigate this further.
In Figure 8 we have split the ROSAT X-ray observations of BD+05
• 706 into a soft band (0.1-0.5 keV) and a hard band (0.6-2.4 keV) in order to investigate the possibility that there might be a difference in the behavior as a function of orbital phase. The run of the count rates turns out to be quite similar, however, with the soft band being slightly lower throughout (Figure 8a ). The changes in the hardness ratio as defined in §2 are shown in Figure 8b . Within the errors the HR values are fairly constant, the decrease toward the primary minimum being only marginally significant. In particular, the observations near phase 0.5 pointed out in the broad-band light curve (Figure 7a ) that are possibly associated with flaring episodes show no sign that the X-ray energy becomes significantly harder (observations marked with circles), as would be expected if the temperature were to increase due to heating of the plasma.
Discussion and concluding remarks
The combination of our new BVRI photometry with a reanalysis of the spectroscopy reported in Paper I has allowed us to obtain highly precise absolute masses and radii for both components of the semidetached system BD+05
• 706, as well as the effective temperatures and other properties. Among the dozen or so known cool Algols, this is now by far the one with the best determined physical parameters. Only three others have published light-curve solutions to date (RZ Cnc, AR Mon, and RV Lib).
In Paper I the eclipsing nature of BD+05
• 706 was not yet known, so there was no direct information on the orbital inclination angle although some constraints were available based on other evidence. Qualitative conclusions on the history and evolutionary state of the system were drawn there based upon the assumption that the inclination angle was large, and therefore that the true values of the masses and the radii were not far from the lower limits derived for those quantities. We can now confirm the validity of that assumption in Paper I, and consequently also of those conclusions: the present configuration of BD+05
• 706 was probably reached as a result of Case B mass transfer (Kippenhahn & Weigert 1967) , and the initial mass ratio of the system is likely to have been close to unity (see Eggleton 1992; Nelson & Eggleton 2001) so that the original secondary had enough time to begin its evolution off the main sequence before the original primary reached the point of Roche-lobe overflow and started transferring mass onto it (eventually leading to a mass ratio reversal).
The minimum amount of mass exchanged (under conservative mass transfer) is ∆M = M 1 − (M 1 + M 2 )/2 = 1.05 M ⊙ . Thus, the secondary appears to have lost at least 2/3 of its original mass. As noted in our earlier study of this system, although the current mass ratio (q ≈ 0.21) is quite typical of classical Algol systems the relatively cool temperature of the current primary (5000 K) is not. This difference with the much hotter primaries of the classical Algols is at least qualitatively well explained by the ideas about the evolution of cool Algols mentioned above and discussed at length in Paper I.
Evidence from our optical light curves suggests the presence of large surface inhomogeneities (spots) which are quite common in similarly active systems. Significant shifts in the location (longitude) of these features are seen in BD+05
• 706 over a period of 1-2 years, which are also consistent with changes seen in other RS CVn binaries. Our X-ray light curve showing only the primary eclipse confirms the report in Paper I that the hotter and more massive primary star is the dominant site of activity in this binary. It is interesting to note that this is not typically the case in RS CVn systems, where the cooler star is usually the more magnetically active component. The X-ray observations also offer interesting clues about the geometry and other properties of the X-ray emitting region, which may be confined to the size of the critical lobe of the current primary star.
Photometric and spectroscopic studies of other binaries systems identified as cool Algols are currently underway as part of a long-term project to study this very interesting class of active stars. Detailed analyses of those cases along the lines of the one presented here for BD+05
• 706 are expected to provide further glimpses into their properties and evolutionary histories.
We thank the anonymous referee for numerous comments and helpful suggestions. This research has made use of the SIMBAD database, operated at CDS, Strasbourg, France, and of NASA's Astrophysics Data System Abstract Service. RN wishes to acknowledge financial support from the Bundesministerium für Bildung und Forschung through the Deutsche Zentrum für Luft-und Raumfahrt e.V. (DLR) under grant number 50 OR 0003. LM would like to acknowledge the help of Julia Lynch and Akbar Rizvi in making these observations. The Gettysburg College Observatory is supported by Gettysburg College with additional funding for the CCD camera provided by the National Science Foundation. , & Mazeh, T. 1994, ApJ, 420, 806 This preprint was prepared with the AAS L A T E X macros v5.0. • 706 during a full orbital cycle, and optical light curve superimposed for comparison (R band from data set #1). The solid curve corresponds to the fit to the optical data with the distortions due to the cool spot removed, while the dotted curve includes the effect of the spot. The normalization is carried out at phase 0.75; (b) Toy model computed with the Wilson-Devinney code (see text) that provides a reasonably good match to the observed depth and duration of the primary eclipse (outliers near phase 0.5 ignored). b Relative radius of a sphere with the same volume as the distorted star.
c Fractional luminosity of the primary.
d Fixed temperature factor (Tspot/Tstar). a Measured velocities, including the corrections described in the text to account for the effect of the narrow spectral window.
b Combined corrections due to proximity and to the Rossiter effect (see text), to be added to the measured velocities.
c Final velocities used for the orbital solution. 
